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Allergic asthma is an inflammatory disease charac-
terized by lung eosinophilia controlled by type 2
cytokines. Cysteine proteases are potent triggers
of allergic inflammation by causing barrier disrup-
tion in lung epithelial cells inducing the elevation of
interleukin-5 (IL-5) and IL-13 from natural helper
(NH) cells, a member of ILC2s, which leads to lung
eosinophilia. In this study, we found that basophils
play a crucial role in NH cell-mediated eosinophilic
inflammation induced by protease allergens. Condi-
tional deletion of basophils caused a resolution of
the papain-induced eosinophilia and mucus produc-
tion. Resolution of eosinophilia was also observed in
mice lacking IL-4 specifically in basophils, indicating
that basophil-derived IL-4 enhanced expression of
the chemokine CCL11, as well as IL-5, IL-9, and
IL-13 in NH cells, thus attracting eosinophils. These
results demonstrate that IL-4 from basophils has an
important role in the NH-derived cytokine and che-
mokine expression, subsequently leading to prote-
ase allergen-induced airway inflammation.
INTRODUCTION
Allergen-induced asthma is a chronic inflammatory disease
characterized by airway obstruction and wheezing and is
thought to be positively controlled by type 2 cytokines, including758 Immunity 40, 758–771, May 15, 2014 ª2014 Elsevier Inc.interleukin-4 (IL-4), IL-5, and IL-13. IL-4 promotes immunoglob-
ulin E (IgE) production by B cells (Coffman et al., 1986), IL-5 in-
duces development, recruitment, and activation of eosinophils
(Hamelmann and Gelfand, 2001), and IL-13 controls the effector
phase of asthma by inducing airway remodeling and hyperres-
ponsiveness of airway reaction, as well as hyperproduction of
mucus (Wills-Karp, 2004). Conventional asthma mouse models
have clearly indicated the importance of T helper 2 (Th2) cells,
mast cells and eosinophilic inflammation (Kim et al., 2010).
Asthmatic inflammation is also induced by allergen proteases,
including those from papain and house dust mites (HDM). The
HDM-derived protease Derp1 causes airway influx of eosino-
phils and bronchoconstriction in asthma patients (Gregory and
Lloyd, 2011). A plant-derived cysteine protease, papain, causes
occupational asthma (Novey et al., 1979). More recently, papain
has been reported to induce adaptive Th2 cell-mediated immu-
nity, which is initiated by basophil-derived IL-4 and cooperation
between dermal dendritic cells (DCs) and basophils (Sokol et al.,
2008; Tang et al., 2010). Meanwhile, papain can cause asthma-
like airway inflammation in Rag-deficient mice (Oboki et al.,
2010), suggesting the presence of Th2 cell-independent mecha-
nisms. Proteases such as papain cause barrier disruption in
epithelial cells, leading to the elevation of multiple cytokines
including IL-25, IL-33, and thymic stromal lymphopoietin
(TSLP) due to the stress of tissue injury. Moreover, intranasal
(i.n.) administration of papain fails to induce eosinophil infiltration
and mucus hyperproduction in the lungs of Il33/ mice (Oboki
et al., 2010). These results clearly demonstrate an importance
of IL-33 in protease allergen-induced allergic inflammation.
Innate lymphocytes contributing to type 2 cytokine responses
in vivo have been discovered in the gut-associated mucosal tis-
sues (Moro et al., 2010; Neill et al., 2010; Price et al., 2010; Saenz
(legend on next page)
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(NH) cells, nuocytes, and innate helper type 2 (Ih2) cells, are now
classified as members of group 2 innate lymphoid cells (ILC2s)
(Spits et al., 2013), or multipotent progenitor type 2 (MPPtype2)
cells, and produce type 2 cytokines in response to epithelial
cell-derived IL-25, IL-33, and TSLP. These innate lymphocytes
have also been found in several other tissues including the liver,
spleen, and lung (Price et al., 2010). The importance of NH cells
has been reported in viral-induced airway inflammation in
the lungs of virus-infected BALB/c mice (Chang et al., 2011).
Furthermore, it has been suggested that IL-13-producing innate
lymphocytes might play a role in lung eosinophilic inflammation
and asthma (Kaiko and Foster, 2011; Kim et al., 2010; Lloyd
and Hessel, 2010), and NH cells have been identified as a cell
subset responsible for papain-induced lung inflammation (Halim
et al., 2012). Papain induces acute eosinophilia in Rag1/mice,
but not in Rag2/Il2rg/ mice that lack NH cells, indicating
a critical contribution of lung NH cells to this process (Halim
et al., 2012). Treatment of lungs with papain induces IL-33 and
TSLP production by stromal cells, resulting in IL-5 and IL-13 pro-
duction by lung NH cells. Thus, the IL-33-NH cell-IL-5 and IL-13
axis is thought to be a critical pathway for protease-induced
airway inflammation.
Recently, the importance of basophils in chronic allergic
responses and protective immunity against helminths has been
reported (Pulendran and Artis, 2012), however, the role of baso-
phils in Th2 cell-mediated induction has been controversial. It
has been reported that basophils are essential for IgE-meditated
chronic allergic dermatitis and for protection against infection
withN. brasiliensis (Ohnmacht et al., 2010). Deletion of basophils
in vivo with the MAR-1 antibody demonstrates that papain
preferentially induces IL-4 expression by basophils and their
transient recruitment into draining lymph nodes and that the
basophil-derived IL-4 promotes Th2 cell differentiation (Sokol
et al., 2008). Meanwhile, selective genetic depletion of basophils
with the Mcpt8cre transgenic mouse model shows that baso-
phils are dispensable for the induction of Th2 cell differentiation
in the papain system (Ohnmacht et al., 2010). Moreover, the
Il4 reporter system with the Il4 reporter mouse (Il4tm1(CD2)Mmrs)
also demonstrates basophil-independent Th2 cell priming in vivo
(Sullivan et al., 2011).
We have established a diphtheria toxin (DT)-based conditional
basophil deletion system, named BasTRECK (Sawaguchi et al.,
2012). With this model, we have shown an indispensable
role of basophils in IgE-mediated chronic allergic inflammation
(IgE-CAI), allergic dermal response and eosinophilic esophagitisFigure 1. Role of Basophils in Cysteine Protease-Induced Eosinophilic
(A) Flow cytometric analysis of eosinophils in the lung of WT i.n. administrated HD
of eosinophils and total cells in the lung at 3 and 7 days (left lower). Airway hyperse
(middle) and in DT-treated WT or BasTRECK mice after HDM treatment (right).
(B) Flow cytometric analysis of eosinophils in the lungs of DT-treated WT, MasT
from day 7 (for MasTRECK mice) and day 1 (for BasTRECK mice after DT treatm
BasTRECK mice were injected with basophils derived from papain-treated WT m
(C) Periodic acid Schiff (PAS) staining of lung tissues from the mice analyzed in (B
sections of the indicated mice (right). The bars in the graph are labeled as in (B).
(D) Flow cytometry of eosinophils in BAL fluid of the mice depicted in (B) (left). Qua
in the graph of (B) and (C) are labeled as in (B).
(E) Airway hypersensitivity to Mch in DT-treated WT or BasTRECK mice after
(PI)+Autofluorescence+Gr1hi (A), (B), or PI+Autofluorescence+ (D). Results are repre
760 Immunity 40, 758–771, May 15, 2014 ª2014 Elsevier Inc.(EoE) but not in the induction of Th2 cell differentiation. Although
IL-33 acts on murine basophils to induce high expression of IL-4
in vivo and in vitro (Kroeger et al., 2009; Schneider et al., 2009),
the in vivo relevance of basophil-derived IL-4 remains unclear.
We have generated a series of mouse lines lacking Il13 or Il4
enhancer elements, Il13 CGRE, Il4 HS2, Il4 30UTR, Il4 HS4-
deficient mice (Tanaka et al., 2011), and we found that the Il4
30UTR-deficientmicewere impaired in IL-4expressionspecifically
in basophils without affecting the IL-4 expression in Th2 and Tfh
cells (Harada et al., 2012; Tanaka et al., 2011). Here we show
that Il430UTR-deficientmicewere unable to induceNHcell activa-
tion, type 2 cytokine production, or lung eosinophilic inflammation
uponpapain treatment. These results indicate that IL-4 frombaso-
phils has an important role in the IL-33-NH cell-IL-5 and IL-13 axis
leading to eosinophil-mediated airway inflammation.
RESULTS
Role of Basophils in Cysteine Protease-Induced
Eosinophilic Inflammation
Derp1 and Derp2 are house dust mite (HDM) components of
Dermatophagoides pteronissinus with cysteine protease activity
that trigger airway inflammation (Tovey et al., 1981). Indeed,
eosinophil infiltration and mucus formation and airway hyper-
responsiveness (AHR) were induced by i.n. administration of
HDMand to a lesser extent by recombinant Derp1 administration
(Figure 1A). Papain, a plant-derived cysteine protease, has
been reported to cause asthma-like airway inflammation (Novey
et al., 1979), and indeed, i.n. administration of papain markedly
induced the influx of Siglec-F+CD11c+ eosinophils into the
broncho alveolar lavage (BAL) fluid, mucin formation, and air-
way hyperresponsiveness (Figures 1B–1E). Papain inhalation
increased the number of activated CD11c+ eosinophils, which
was reflected in the upregulation of several inflammatory cyto-
kines and chemokine genes (Il6, Il13, Ccl7, Ccl11), as well as
complement components (C1qb, C3) and an antimicrobial
peptide (S100a4) (see Figure S1 available online). These results
indicate that papain promotes the conversion of eosinophil into
CD11c+ activated eosinophils.
Recent studies have revealed that innate cells play a substan-
tial role in airway inflammation (Halim et al., 2012). Lung epithelial
cells can produce multiple cytokines including IL-33 and thymic
stromal lymphopoietin (TSLP), which induce IL-5 and IL-13 pro-
duction and eosinophilic lung inflammation. IL-33 is constitu-
tively expressed in the lung and further increased after papain
treatment (Oboki et al., 2010). Papain-induced eosinophilicLung Inflammation
Mor recombinant Derp1 continuously for 3 or 7 days (left upper). Quantification
nsitivity (AHR) to methacholine (Mch) in WTmice after HDM or Derp1 treatment
RECK, and BasTRECK mice i.n. administrated papain for 3 continuous days
ent. For reconstitution of basophils, before papain treatment the DT-treated
ice (left). The quantification of CD11c+ eosinophils in the lung (right).
). Scale bars represent 50 mm. The proportion of PAS-positive cells in the lung
ntification of CD11c+ eosinophils in the lungs of the indicated mice (right). Bars
papain treatment. Dot plots are shown on cells gated out Propidium iodide
sentative of three independent experiments, and error bars represent the SEM.
Figure 2. Deletion of the 30UTR Region Selectively Impairs IL-4 Production by Basophils
(A) Bio-Plex analysis of IL-4 and IL-13 production by purified bone marrow basophils and peritoneal mast cells of the indicated mice in response to PMA plus
Ionomycin (P+I) or rIL-3 stimulation for 24 hr.
(B) Bio-Plex analysis of IL-4 production by purified bone marrow basophils derived fromWT and Il4 30UTR-deficient mice in response to IL-18 and IL-33 for 24 hr.
(legend continued on next page)
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(Figures S2A and S2B). A similar acute type of lung eosinophilia
occurred in Rag1-deficient mice, which lacks all T and B cells,
indicating that papain-induced lung inflammation can occur
without T cell-derived cytokines. However, we observed small
number of IL-13 expressing T cells that correspond to resident
memory T cells, CD4+CD44hiCD62LloCD69+aGalcer-CD1d-
dimerCXCR3CCR2 (Figures S2C, S3A, and S3B). Mean-
while, a large number of IL-13 expressing NH cells was observed
in the lung (Figure S3A). These results suggest that IL-33 directly
acts on NH cells, mast cells, and basophils in a T cell-indepen-
dent manner (Moro et al., 2010; Halim et al., 2012; Schmitz
et al., 2005; Schneider et al., 2009). Among immune cells, NH
cells are needed during an early phase to provide an interface
between IL-33 and eosinophilic lung inflammation (Halim et al.,
2012; Kondo et al., 2008).
In order to understand the involvement of basophils and mast
cells, we employed a genetic approach in which basophils and
mast cells can be depleted in BasTRECK mice and MasTRECK
mice, respectively, by diphtheria toxin due to the expression of
the DT receptor on their cell surface (Sawaguchi et al., 2012).
Although basophils are also depleted in MasTRECK mice,
basophils quickly recovered within 3 days. Thus, the 7 day delay
protocol we used here provided mast cell selective deletion (Fig-
ure S4A). Unlike mast cell deletion, following basophil selective
deletion, influx of CD11c+ eosinophils into the lung or airways,
mucus formation or AHR was no longer observed, although
the accumulation of neutrophils was normal (Figures 1B–1E; Fig-
ure S4B). Adoptive transfer of wild-type (WT) basophils into
the DT-treated BasTRECK mice reconstituted eosinophilic lung
inflammation induced by papain treatment (Figures 1B–1D).
Taken together, these data demonstrate that basophils have a
critical role in papain-induced eosinophilic inflammation.
Our results indicated that IL-33 elicited basophil-mediated
lung inflammation. However, macrophage-derived IL-18 and
T cell-derived IL-3 have also been reported to be associated
with basophil function in the development of allergic responses
and protection against parasite infection (Ishikawa et al., 2006)
(Shen et al., 2008). However, functional blockade of IL-3 and
IL-18, and Il3 deficiency failed to rescue the papain-induced
eosinophilic inflammation (Figures S2D and S2E), confirming
that IL-33 is the main initiator in the lung inflammation.
Basophil-Derived IL-4 Promotes Eosinophilic
Inflammation
Given that basophils promote eosinophilic inflammation, we
sought to test the role of basophil-derived IL-4 in this process.
We have previously shown that the basophil-specific Il4 gene
enhancer is located in the region between the 30UTR and HS4
that previously identified as an IL-4 silencer in T cells (Yagi
et al., 2007). To more precisely identify the location of the baso-
phil-specific enhancer, we employed a series of mutant mice
lacking each enhancer element in the Il4-Il13 locus, Il13 CGRE,(C) Bio-Plex analysis of IL-4, IL-13, IL-5, and IL-6 production by purified NH c
30UTR-deficient mice in response to rIL-33 stimulation for 5 days.
(D) Flow cytometric analysis of the expression of human CD2 (as a reporter o
(FcεR1+c-Kit+), and lung NH (LinThy1.2+CD25+IL7Ra+) in papain-treatedWT and
Error bars in (A), (B), (C), and (E) represent the SEM.
762 Immunity 40, 758–771, May 15, 2014 ª2014 Elsevier Inc.Il4 HS2, Il4 30UTR, and Il4 HS4-deficient mice (Tanaka et al.,
2011). We first analyzed IL-4 production by basophils, mast
cells, and NH cells derived from the enhancer-deleted mice.
Basophils of Il4 30UTR-deficient mice failed to make IL-4 in
response to phorbol myristate acetate (PMA) plus Ionomycin,
IL-3, IL-18, and IL-33, but other cytokines were unaffected.
Also, there was no effect on IL-4 production by peritoneal or
bone-marrow-derived mast cells (BMMCs) (Figures 2A and 2B;
Figure S5A). Meanwhile, deletion of HS2 or CNS2 impaired IL-
4 production by T cells and mast cells, but not by basophils (Fig-
ure 2A) (Tanaka et al., 2011). We also examined IL-13 expression
because IL-13 is also known as a critical effector cytokine in lung
inflammation and found that the deletion of CGRE abolished
IL-13 production bymast cells andNH cells, but not by basophils
(Figures 2A and 2C; Figure S5A). The deletion of HS4 has no
effect on IL-4 and IL-13 production in either basophils or mast
cells (Djuretic et al., 2007) (Tanaka et al., 2011). Consistent
with previous results (Moro et al., 2010), NH cells failed to pro-
duce IL-4 after stimulation with IL-33 (Figure 2C).
Furthermore, we could show that IL-4 expression was selec-
tively observed in basophils, but not in CD4+ T cells, mast cells,
or lung NH cells of papain-treated Il4 reporter mice (Il4 hCD2Bac
Tg) (Figure 2D) (Harada et al., 2012). Eosinophils have been
reported to be a source of IL-4 (Oboki et al., 2010), but lung-
derived eosinophils secreted no detectable IL-4 protein (Fig-
ure 2E; Figure S5B), consistent with a previous report (Sullivan
et al., 2011). Taken together, we conclude that IL-4 expression
is differentially regulated by distinct enhancers in different cell
linages, and that the 30UTR is a unique enhancer regulating
IL-4 expression by basophils, which are the main source of
IL-4 in the papain-induced lung inflammation model.
Based on the above results, we considered that mice with a
deletion of the Il4 30UTRwould be a useful in vivo tool to examine
the role of basophil-derived IL-4 in papain-induced lung inflam-
mation. As expected, there was no eosinophil infiltration in the
lungs or airways, and reduced mucus formation or AHR in the
Il4 30UTR-deficient mice (Figures 3A–3C, 3E, and 3F), but not
in Il4 HS2-deficient mice (Figure S3C). Interestingly, reconstitu-
tion with IL-4 secreting WT basophils restored the eosinophilia
in Il4 30UTR-deficient mice (Figure 3D), strongly supporting
the importance of basophil-derived IL-4 in this response. This
phenotype of Il4 30UTR-deficient mice was very similar to that
observed in the basophil deletion mice. Furthermore, the dele-
tion of the CGRE element largely impaired mucus formation,
but not eosinophil infiltration (Figures 3A–3C), suggesting that
IL-13 mainly promotes mucus formation and AHR. These results
indicate that basophils play a critical role as a source of IL-4
responsible for papain-induced eosinophilic lung inflammation.
Gene-Expression Profiles of Lung Basophils and Lung
NH Cells
Our data indicate that basophils are needed in the interface
between papain administration and lung NH cells. To furtherells from mesenteries of WT, Il13 CGRE-deficient, Il4 HS2-deficient, and Il4
f IL-4) in CD4+ T cells (CD4+), basophils (FcεR1+CD49b+c-Kit), mast cells
IL4BACTgmice. Results are representative of three independent experiments.
(legend on next page)
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after papain treatment, we characterized global gene-expres-
sion patterns of purified lung NH cells before and after treat-
ment by RNA-sequence analysis. We identified basophil
populations as CD49b+c-KitFcεRI+ cells, and resting baso-
phils consistently expressed high Il4 transcription (data not
shown). Papain treatment resulted in the upregulation of Il1,
Il33, Tnf, Ccl2, Ccl3, Ccl5, and Ccl6 (Figure 4A), and also
increased the expression of antibacterial peptides (S100a8
and S100a9), complement components (C1ra, C1s, and C2),
and chitinases (Chi3l4).
The gene-expression profile of resting lung NH cells was quite
similar to the originally described NH cells derived from Fat-
associated lymphoid cluster (FALC), which showed high Gata3,
Nr4a1, Il5, and Il13 expression and low transcription of Notch1
and Rorc (Moro et al., 2010) (Figure 4B). Lung NH cells ex-
pressed the genes encoding the cytokine receptors for IL-2
(Il2ra and Il2rg), IL-4 (Il4ra), IL-25 (Il17rb), IL-7 (Il7ra), and IL-33
(Il1rl1) as FALC NH cells. In lung NH cells, papain treatment
resulted in the upregulation of genes related to cell-cycle
progression (Brac1, Cdc, and Kif), cytokines (Il5 and Il13), and
chemokines (Ccl2, Ccl8, Ccl11, Ccl17, Ccl22) (Figure 4C). Taken
together, these results indicate that papain treatment can
convert NH cells into an effector phenotype via the activation
of basophils in the lung.
IL-4 Regulates the Activation of Lung NH Cells
The data from the mice lacking the 30UTR indicated that baso-
phil-derived IL-4 is responsible for the activation of lung NH cells.
Indeed, NH cells constitutively express the IL-4 receptor on their
cell surface (Figure 5A), and IL-4Ra mRNA expressions were
selectively higher than those of basophils and eosinophils (Fig-
ure 5B). Therefore, NH cells seemed a likely target of IL-4 derived
from basophils. To directly assess a possible role of IL-4 on NH
cell activation during the early phase, we isolated lung NH cells
and cultured them with IL-4 for 48 hr. IL-4 treatment upregulated
the expression of IL-9, IL-13, CCL11, CCL5, and CCL3 protein in
lung NH cells regardless of the presence of IL-33 and IL-2 (Fig-
ure 5C). In lung NH cells, IL-4 alone induced low but detectable
IL-5 production, and IL-33 synergistically enhanced this effect,
indicating that lung NH cells have different mechanisms regu-
lating the production of IL-5 and other type 2 cytokines such
as IL-9 and IL-13 during the early phase. Note that IL-33 alone
can induce the production of IL-13, as well as IL-5 in the later
phase (Kabata et al., 2013). We further assessed the role of IL-
13 on lung NH cells, but NH cells failed to respond to IL-13
because of lower expression of the IL-13 receptor (Figure 5B;
Figure S6).Figure 3. Basophil-Derived IL-4 Promotes Eosinophilic Lung Inflamma
(A) Flow cytometric analysis of eosinophils in the lungs of papain-treated WT, Il1
(B) The quantification of lung eosinophils (SiglecF+ and SiglecF+CD11c+).
(C) PAS staining of lung tissues. Scale bars represent 50 mm (left). The percentag
labeled as in (B).
(D) Flow cytometric analysis of eosinophils (left) and a quantification of eosinop
basophils from the lungs of papain-treated WT mice.
(E) Flow cytometric analysis of eosinophils (left) and the quantification of eosinop
labeled as in (B). (right).
(F) AHR to Mch in WT or Il4 30UTR-deficient mice after papain treatment. Do
PI+Autfluorescence+ (E). Results are representative of three independent experim
764 Immunity 40, 758–771, May 15, 2014 ª2014 Elsevier Inc.Based on dot plot analysis of forward (FSC) versus side scatter
(SSC), lung NH cells were activated in papain-treated control
and Il4 HS4-deficient mice producing normal amounts of IL-4.
However, NH cells from Il4 30UTR-deficient mice had fewer large
cells even after papain treatment (Figure 5D). Consistent with this
result, Il4 30UTR-deficient mice, as well as mice depleted baso-
phils, had no increase in NH cell numbers after papain treatment
in the lung (Figure 5E; Figure S4B). We further examined whether
IL-4 directly led to the proliferation of lung NH cells. Highly puri-
fied NH cells from the lung were cultured in the presence of IL-4
combinedwith IL-2 and IL-33. IL-33markedly enhanced cell pro-
liferation in combinedwith IL-2. Interestingly, addition of IL-4 into
the IL-2 plus IL-33 cultures further increased the proliferation
(Figure 5F). Taken together, IL-4 partially involved in cell prolifer-
ation of lung NH cells, but only in the presence of IL-2 and IL-33.
Basophil-Derived IL-4 Promotes Papain-Induced Lung
Inflammation
To further confirm a role of basophil-derived IL-4 in the
papain-induced inflammation, we reconstituted the DT-treated
BasTRECK mice by adaptive transfer of Il4/ basophils. There
was no influx of CD11c+Siglec-F+ eosinophils into either the
lung or airways of the basophil deleted BasTRECK mice, and
this defect was corrected by basophils from WT but not Il4/
mice (Figure 6A). Basophil-deficient mice that were transferred
with Il4/ basophils showed a reduction of numbers of lung
NH cells compared to control mice upon papain treatment
(Figure 6A). The basophil deleted mice and the mice transferred
with Il4/ basophils also failed to induce mucus formation (Fig-
ure 6B). These results indicate that basophil-derived IL-4 pro-
motes papain-induced lung inflammation through the activation
of NH cells in the lung.
DISCUSSION
T cells are generally essential for eosinophilic lung inflammation
in an asthmatic reaction, whereas protease allergens induce
acute eosinophilic inflammation by a T cell-independent mecha-
nism. Indeed, i.n. administration of papain, a causative agent
of occupational asthma, causes eosinophilia, mucus formation,
and elevation of IL-5 and IL-13 in BAL of B and T cell-deficient
Rag1/ mice (Oboki et al., 2010) and of Il4 HS2-deficient mice
as shown here. The involvement of innate cells is further demon-
strated by the finding that NH cells, a member of ILC2s, but not
Th cells, are the main source of IL-5 and IL-13 in lung explant
cultures treated with papain (Halim et al., 2012), and these
type 2 cytokines are tightly associated with eosinophilic inflam-
mation. This is consistent with previous studies showing thattion
3 CGRE-deficient, Il4 30UTR-deficient and Il4 HS4-deficient mice.
e of PAS-positive cells in the indicated mice (right). The bars in the graph are
hils in WT and Il4 30UTR-deficient mice unreconsitituted or reconstituted with
hils (SiglecF+) in the BAL fluid of the indicated mice. The bars in the graph are
t plots are shown on cells gated out PI+Autfluorescence+Gr1hi (A), (D), or
ents. Error bars in (B)–(E) represent the SEM.
A B
C
(legend on next page)
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induced inflammation (Oboki et al., 2010). Cysteine proteases
are important components of many allergens (Reed and Kita,
2004) and are thought to directly act on airway epithelial cells
(Asokananthan et al., 2002) and the activated epithelial cells
then release cytokines including TSLP, IL-25, and IL-33 (Strick-
land et al., 2010). IL-33 is constitutively expressed in endothelial
and epithelial cells and is released as an alarmin when cells are
damaged (Moussion et al., 2008). Il33/ mice, but not Tslpr/
mice, failed to develop papain-induced eosinophilia or lung
inflammation (Oboki et al., 2010). Furthermore, antibody neutral-
ization of IL-33 effectively blocks IL-13 production (Halim et al.,
2012). Therefore, it has been speculated that lung NH cells
respond to IL-33 produced by activated lung stromal cells, which
directly induces IL-5 and IL-13 production by NH cells, resulting
in lung eosinophilia, goblet cell hyperplasia, and mucus produc-
tion (Oboki et al., 2010); (Halim et al., 2012).
Our data clearly demonstrate that basophils and basophil-
derived IL-4 are involved in the activation of NH cells capable
of secreting high IL-5 and IL-13 in the inflammatory site. The
inductive effect of IL-4 on IL-5 production during the early phase
was greatly accelerated in the presence of IL-33, indicating that
IL-5 and IL-13 are differentially regulated in lung NH cells by IL-4,
although longer exposure to IL-33 can induce both IL-5 and IL-13
production by lung NH cells (Kabata et al., 2013). In mice with
diphtheria toxin-based genetic depletion of basophils, as well
as mice lacking basophil-derived IL-4, the expression of IL-5
and IL-13 was limited as was the development of lung eosino-
philia and goblet cell hyperplasia. Therefore, IL-4 secreted
from papain-activated basophils plays a pivotal role, inducing
a high expression of type 2 cytokines from lung NH cells
and expanding their cell numbers during the early phase of
the inflammatory response, ultimately resulting in eosinophilic
inflammation associated with lung eosinophilia and goblet cell
hyperplasia, during the papain induced asthmatic reaction.
The importance of basophils has been reported in chronic
allergic dermatitis, and the food-allergy-associated inflamma-
tory disease, eosinophilic esophagitis (Hill et al., 2012; Noti
et al., 2013). It has been reported that cysteine proteases induce
high IL-4 in mouse basophils (Kamijo et al., 2013). Moreover,
Phillips et al. (2003) have reported that in vitro stimulation of hu-
man basophils with Derp1 induces IL-4 expression (Phillips et al.,
2003). IL-4 and/or IL-13 are known to be an essential cytokine
for eosinophilic inflammation in the asthmatic reaction, because
airway eosinophilia in double-deficient mice of Il4 and Il13 is
impaired after short-term administration of papain (Oboki et al.,
2010). The present data demonstrate that basophil-derived
IL-4 plays a central role by promoting NH function during effector
phase. In fact, impairment of the eosinophilic lung inflammationFigure 4. Gene-Expression Profiles of Lung Basophils and Lung NH C
(A) Heat-map presentation of gene-expression profiles of the top 100 genes upre
from naive mice (red, high; blue, low) (left). Functional classification of the ge
according to terms from the Gene Ontology project (GO term), analyzed with the D
enrichment (light blue, p < 0.05; blue, p < 0.0004) (middle).
(B) Heat-map presentation of gene-expression profiles of FALC NH cells, lung N
(C) Heat-map presentation of genes upregulated by papain treatment in lung NH
downregulated genes in lung NH from Il4 30UTR-deficient mice compared to WT
genes related to cytokines, chemokines, cell cycle, and proliferation (right). Resu
766 Immunity 40, 758–771, May 15, 2014 ª2014 Elsevier Inc.observed in basophil-depleted mice was restored by transfer
of basophils derived from WT but not Il4/ mice. Contrary to
our results, it has been reported that depletion of basophils
with MAR-1 mAb hardly affected chronic papain induced lung
eosinophilia by antigen treatment, even though a small numbers
of basophils were still present in the spleen after antibody treat-
ment (Kamijo et al., 2013). This is consistent with the observation
that antigen-induced lung inflammation hardly mobilizes NH
cells unless IL-33 is provided (Kabata et al., 2013). In our exper-
iments, we confirmed the depletion efficiency in BasTRECK
mice and found that i.p. treatment with DT (500 ng/mouse)
resulted in complete depletion of DX5+FcεRIa+CD200R3+ baso-
phils in the spleen, bone marrow, peripheral blood, and lung,
and the depletion remained complete for at least three days after
the DT injection (Sawaguchi et al., 2012).
Type 2 cytokine-producing innate lymphoid cells (NH, nuocyte
and Ih2, members of ILC2s) exhibits many similar phenotypic
characteristics, i.e., they are Lin and produce Th2 cell-derived
cytokines (Moro et al., 2010; Neill et al., 2010; Price et al.,
2010; Saenz et al., 2010). ILC2s have been found in several
different tissues, including the liver, spleen, and lung (Price
et al., 2010). In the lung, NH cells have been reported to be
responsible for papain-induced inflammation based on the
observation that this inflammatory response occurs in Rag1/
mice, but not Rag2/Il2rg/ mice (Halim et al., 2012). We
found that the gene-expression profile of lung NH cells was quite
similar to that of FALC NH cells. NH cells constitutively showed
high expression of IL-4 receptor. The NH cells isolated from
the papain treated mouse lung had gene signatures related
to effector functions including eosinophilia. Several of these
induced genes were IL-4-dependent, because these genes
were markedly downregulated in the papain-activated basophils
isolated from Il4 30UTRmice. IL-4 specifically influenced not only
the expression in NH cells of IL-5, IL-9, IL-13, CCL11, CCL5, and
CCL3, which are tightly associated with eosinophilia, but also the
cellular expansion of the NH cells. Previous reports have shown
that IL-5 and IL-13 expression by NH cells is largely dependent
on IL-2+IL-25 and/or IL-33 signaling pathways (Moro et al.,
2010), and this also seems to be the case for lung NH cells (Halim
et al., 2012). However, IL-4 also controls type 2 cytokine
expression and growth of lung NH cells during the early phase
of activation.
By using GFP reporter transgenic mice, we have previously
shown that transcription of the Il4 gene in mast cells and baso-
phils is independently regulated by CNS-2 and 30UTR+HS4 ele-
ments, respectively (Yagi et al., 2007). The current deletion
mutant analyses indicate that the basophil-specific enhancer is
located in the 30UTR. Therefore, deletion of the 30UTR caused
decreased IL-4 expression only in basophils, but not in Th2 cellsells
gulated in basophils from papain-treated mice compared to resting basophils
ne-expression signatures of basophils (twofold or more upregulated genes)
AVID database of functional annotation tools and presented as significance of
H cells from naive mice and papain-treated mice.
cells from WT and Il4 30UTR-deficient mice (left). The data are indicated the
mice (red, high; blue, low) (middle). Heat-map presentation of expression of
lts in (A) and (B) are representative of two independent experiments.
Figure 5. IL-4 Regulates Activation of Lung NH Cells
(A) Flow cytometric analysis of IL-4Ra expression on lung NH cells from naive and papain-treated WT mice.
(B) Heat-map presentation of expression of cytokine and cytokine receptor genes in basophils, NH cells, and eosinophils from the lung ofWTmice (red, high; blue,
low). Results are representative of two independent experiments.
(legend continued on next page)
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Basophils Control Natural Helper Cell Functionor mast cells (Tanaka et al., 2011). Deletion of HS2 and/or CNS2
caused marked reduction of IL-4 in Tfh, Th2, and mast cells, but
not basophils (Tanaka et al., 2006; Solymar et al., 2002), and the
CGRE deletion caused a marked reduction of IL-13 production
by Th2 cells, mast cells, and NH cells (Furusawa et al., 2013),
but not basophils. Therefore, the 30UTR deletion mice are a
useful tool to examine the specific function of the IL-4 secreted
by basophils in vivo, regardless of the influence of other type 2
cytokines.
In conclusion, basophil plays an important role through IL-4
production in early eosinophilic airway inflammation induced
by proteases. IL-4 binding to its cognate receptor on NH is
critical to initiate IL-5, IL-9, and IL-13 expression and release
of chemoattractants that are required for eosinophilia in the
lung. Therefore, the network composed of innate immune
cells, including basophils and NH cells, is important for the
lung immune system to elicit a rapid response to infection.
EXPERIMENTAL PROCEDURES
Mice
BasTRECK andMasTRECKmice have been described previously (Sawaguchi
et al., 2012). For DT treatment, mice were injected intraperitoneally with
250 ng of DT in 250 ml of PBS per mouse for MasTRECK mice or 500 ng
of DT in 250 ml of PBS per mouse for BasTRECK mice. CGRE, HS2, 30UTR,
HS4, and CNS2-deficient mice, Il4BACTg, and Il33/ mice have also been
described in previous reports (Harada et al., 2012; Oboki et al., 2010; Tanaka
et al., 2011). Il13Tomato mice, Il4/ mice, and Tslpr/ mice on a C57BL/6J
background were kindly provided by Dr. McKenzie (Barlow et al., 2012),
Dr. M. Kopf (Kopf et al., 1993), and Dr. Zieglar (Carpino et al., 2004), respec-
tively. Il3-deficient mice on a BALB/c background (RBRC02298) were pro-
vided by RIKEN BRC through the National BioResource Project of the
MEXT, Japan (Mach et al., 1998). Mice were housed under specific path-
ogen-free conditions and in accordance with the guidelines of the Institutional
Animal Care Committee of the RIKEN.
Airway Inflammation and Airway Hypersensitivity
Mice were treated i.n. with 20 ml of 30 mg HDM extract (LSL) in saline or saline
alone on 7 consecutive days. For papain, mice were treated i.n. with 20 ml of
50 mg papain (Sigma Aldrich) in saline or saline alone on 3 consecutive days.
At 24 hr after the last instillation, bronchoalveolar lavage (BAL) fluids and lungs
were collected for examination of the BAL or lung cell profiles and lung histol-
ogy. For AHR, acetylcholine-dependent AHR in treated mice wasmeasured as
described previously (Seki et al., 2003).
Antibodies
Phycoerythrobilin (PE)-conjugated anti- Siglec-F, FITC-conjugated anti-Thy1.2,
CD49b, CD11b, CD69, Allophycocyanin (APC)-conjugated anti-CD117, CD44,
a-GalCer loaded CD1d dimer, biotinylated anti-NK1.1,CD62L antibodies were
purchased from BD Biosciences, and PE-conjugated anti-FcεR1, IL7Ra,IL4Ra,
FITC-conjugated anti-F4/80, APC-conjugated anti-CD11c, biotinylated anti-
CD3ε, CD19, CD11b, CD11c, Gr-1, Ter119, PerCP-cy5.5 conjugated streptavi-
din were purchased from eBioscience. PerCP-cy5.5 conjugated anti-CD25
and biotinylated anti-human CD2, CXCR3 antibodies were purchased from
BioLegend.APCconjugatedanti-CCR2antibodywaspurchased fromR&Dsys-
tems. Purified anti-IL-18, anti-IL-3, and isotype IgG1k for neutralization assay
were purchased from MBL and BioLegend, respectively. Propidium iodide (PI)(C) Bio-Plex analysis of cytokine and chemokine production by lung NH cells (1,
(D) Flow cytometry analysis of forward scatter (FSC) and side scatter (SSC) of lung
percentage of lung NH cells with high FSC/SSC in the indicated papain-treated
(E) Quantification of NH cells in lungs ofWT, Il13CGRE-deficient, Il4 30UTR-deficie
(F) Viability of lungNH cells cultured for 7 days in the presence of the indicated cyto
experiments. Error bars in (C)–(F) represent the SEM.
768 Immunity 40, 758–771, May 15, 2014 ª2014 Elsevier Inc.was used to exclude nonviable cells. A BD FACS Aria II (BD Biosciences) was
used for cell sorting and phenotypic analysis and Flowjo v. 8.6 (Tree Star) was
used for data analysis.
Cell Preparation and Reconstitution of Basophils
Lungs from mice were minced with scissors in RPMI-1640+ containing 10%
FBS. Minced lungs were incubated RPMI-1640 containing 10% FBS, 400U
collagenase IV and 50 mg/ml DNase I for 1 hr at 37C. Digested tissues were
passed through a strainer. Cells were used for analysis by flow cytometry after
lysis of red blood cells. For cell sorting, basophil (FcεRI+CD49b+c-Kit), NH cell
(LinThy1.2+CD25+IL7Ra+), and eosinophil (CD11c+ or CD11cSiglecF+Gr-1lo
autofluorescence) were sorted from lung cells by BD FACS Aria II (BD Biosci-
ences). ForBMMC, bonemarrow cellswere cultured in thepresenceof rIL-3 for
4 weeks. For reconstitution of basophils, lung basophils were isolated from
mice that i.n. administrated with papain for three days. Lung basophils (1 3
104 cells) were intravenously administrated into mice before papain treatment.
Measurement of Cytokine Production
Cytokines were measured by a suspension array system (Luminex 200; Bio-
Rad Laboratories).
RNA Sequence
Total RNAwas isolated with TRIzol and 1 mg of isolated RNAwere used for pro-
duction of the RNA-Seq cDNA library with NEBNext Ultra RNA Library Prep Kit
for Illumina (NEB Biolabs) according to the manufacturer’s protocol that
included cDNA synthesis and fragmentation, the addition of adaptors, size se-
lection, amplification, and quality control. A HiSeq 1500 system (Illumina) was
used for SE-50 sequencing (single-ended 50 base-pair reads). Basic data
analysis was done with CLC Biosystems Genomic Workbench) analysis pro-
grams (CLC Biosystems) to generate quantitative data for all genes, including
reads per kilobase of exon per million mapped reads, unique and total gene
reads, annotated transcripts and detected transcripts, median coverage,
chromosomal location, and putative exons. Heat maps were produced by
normalization of the reads per kilobase of exon per million mapped reads
for each gene across all treatment conditions, followed by the generation of
hierarchy clustered heat maps with MeV (http://www.tm4.org/mev.html).
Histological Analysis
Lungs were fixed in 4% (vol/vol) paraformaldehyde, infused with 20% sucrose
and embedded in OTC compound (Sakura Finetek) for frozen sections. Frozen
sections of lung were cut (5 mm) for PAS staining. For quantification of staining
with PAS, mucus production was assessed by the frequency of epithelial cells
that stained strongly positive. Individual slides were examined independently.
Statistical Analysis
A two-tailed Student’s t test was used for statistical analysis. Differences with
a p value of less than 0.05 were considered significant. * p < 0.05
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RNA-seq data in this work are available in the Gene Expression Omnibus
(GEO) database (http://www.ncbi.nlm.nih.gov/gds) under the accession num-
ber GSE56292.
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NH cells from the indicated mice after treatment with PBS or papain (left). The
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nt, and Il4HS4-deficientmice administrated papain i.n. continuously for 3 days.
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